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The molecular basis for commitment of progenitors to 
the eosinophil lineage and mechanisms by which eosin- 
ophil-specific genes are expressed and regulated during 
differentiation is unknown. Expression of eosinophil 
peroxidase (EPO) is restricted to the eosinophil lineage, 
lb undei^tand the mechanisms involved in transcrip- 
tional regulation of EPO gene expression, we cloned the 
region of the EPO gene upstream of the transcriptional 
start site and analyzed the cis-acting elements required 
for EPO promoter activity in an eosinophil-inducible 
leukemic cell line, m^0-C15. The 5'-fianking region of 
the EPO gene containing 1.5 kilobases of sequence up- 
stream of the transcriptional start site was subcloned 
into the promoterless pXP2-lucifera8e vector. The EPO- 
pXP2 construct and 6' deletion mutants were electropo- 
rated into HLr60-C15 cells and luciferase reporter activ- 
ity assessed. The -1.5-kiloba8e EPO-pXP2 promoter 
construct reprodueibly expressed >120-fold more lucif- 
erase activity than did promoterless pXP2, and a 12-fold 
(90%) decrease in promoter activity was obtained when 
sequences between -122 and -45 base pairs (bp) were 
deleted. The specificity of the EPO promoter for the eo- 
sinophil lineage was analyzed by transfecting the EPO- 
pXP2 constructs and deletion mutants into HL,-60-C15 
ceUs and the parental HL-60 line; EPO promoter activity 
was 8*10-fold less in the HLr60 parental line, suggesting 
lineage specific elements in the -122 to -45 bp region. To 
ftirther characterize regulatory sequences important 
for promoter activity, we performed linker-sca n n i n g 
analysis on the -122 to -45 bp region and identified a 
number of positively and negatively acting elements in 
the promoter. DNase I footprinting was performed with 
HL-60-C15, HIi-60, and HeLa nuclear extracts to identify 
nuclear proteins that may bind to the functional ele- 
ments; these experiments identified three protected re- 
gions of the EPO promoter which <5orrespond to the 
functional segments defined by linker^scanning analysis 
and which contain consensus, potential binding sites for 
Bgr-1, H4TF-1, PuF, CTCF, UBP-1, and GaED transcrip- 
tion factors. Further study of EPO promoter regulation 
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should elucidate unique transcriptional features of eo- 
sinophil gene regulation in granulocjrtc development. 



Eosinophil differentiation from precursor cells in the bone 
marrow is regulated by a number of different cytokines, includ- 
ing GM-CSF, and ILr5 (1-4). However, the molecular 
basis for the commitment of progenitors to the eosinophil lin- 
eage remains unknown. Augmented eosinophil differentiation 
in the bone marrow and accumulation of eosinophils in tissues 
and peripheral blood is associated with parasitic infections and 
allergic diseases, as well as certain malignancies and idiopathic 
sjmdromes including the hypereosinophilic syndrome (5-7). 
The large specific granule of the eosinophil contains four highly 
cationic proteins, including eosinophil peroxidase (EPO), msgor 
basic protein (MBP), eosinophil cationic protein (ECP), and 
eosinophil-derived neurotoxin (EDN) (8), considered to play a 
seminal role as mediators of inflammation and tissue damage 
in the pathogenesis of these eosinophO-associated diseases (6, 
9, 10). The biochemical and functional properties of these cat- 
ionic proteins have been extensively investigated (9) and their 
cDKAs and genomic DNAs recently cloned and sequenced 
(11-21). 

Human EPO is a heme-containing glycoprotein and a mem- 
ber of the peroxidase gene family that includes the closely 
related neutrophil myeloperoxidase as well as porcine and hu- 
man thyroid peroxidases and human glutatliione peroxidase 
(20, 21). EPO is a potent toxin for parasites, mammalian cells, 
and tissues both in the presence and absence of HgOj* and 
halide or thiocyanate cofactors (22-26), and may contribute to 
the pathogenesis of epithelial damage and bronchial hyperre- 
activity in himian asthma (25), and cardiac damage in the 
eosinophiUc endomyocardial fibrosis associated with the hy- 
pereosinophihc syndrome (27). EPO induces histamine release 
fix)m rat mast cells (28), inactivates leukotrienes (29), and is 
cytotoxic for the microfilaria! stage of Bnigia pahangi (30). As 
purified from the large specific granule of the eosinophil, EPO 
is a heterodimer consisting of a heavy chain of 50-55 kDa and 
a light chain of 14-16 kDa (31); both chains are encoded by a 
single mRNA species in a manner similar to that of myeloper- 
oxidase (21, 32). The similarity of the EPO nucleotide sequence 
to that of other eukaryotic peroxidases suggests that these 
peroxidases comprise a multigene family that evolved by gene 
duplication (20, 21). Like the gene for myeloperoxidase (33), the 
EPO gene consists of 12 exons and 11 introns spanning approxi- 



' The abbreviations used are: IL, interleukin; EPO, eosinophil peroxi- 
dase; MBP, xn^'or basic protein; ECP, eosinophil cationic protein; EDN, 
eosinophil-derived neurotoxin; CLC, Charcot-Leyden cryatal protein; 
RLU, relative light units; bp. base paiKs); PGR, polymerase chain re- 
action; hGH, human growth hormone; GM>CSF, granulocyte-macro- 
phage colony-stimulating factor; kb, kilobase{s); CMV, cytomegalovirus. 
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mately 12 kb of DNA(20). Expression of EPO mRNAhas thus 
far been demonstrated in eosinophil-comraitted sublines of 
HL^O (HI-60 3+C-5 (20) and HL-60-C15),* but not in a neu- 
trophilic H1^60 subline (14-C) or parental HLr60 cells (20). 
EPO mRNA expression is also strongly up-regulated in umbili- 
cal cord blood progenitors induced to differentiate into eosin- 
ophils with a combination of ILr-3, IL-5. and GM-CSF (34) or 
bone marrow progenitors induced with IL-5 alone,^ with de- 
creased expression during eosinophil maturation (34). Thus, 
expression of the EPO gene at the RNA level has been detected 
exclusively in the eosinophil lineage and not in other myeloid 
hematopoietic lineages. 

Tb identify transcription factors involved in regulating the 
commitment and differentiation of hematopoietic progenitors 
toward the eosinophil lineage, we have analyzed the cis-acting 
elements and DNA-binding proteins that may control EPO 
gene expression. Using an eosinophil-inducible cell line, HL- 
60-C15, derived from the HL-60 promyelocytic leukemia line 
(35, 36), we have identified the minimal upstream region of the 
EPO gene required for promoter activity and localized a num- 
ber of positively and negatively acting promoter elements in 
tiiis region that may participate in regulating the expression of 
EPO during normal eosinophil development. 

EXPERIMENTAL PROCEDURES 

Cell Culture—The eosinophil-committed subline of the HL-60 pro- 
myelocytic leukemia cell line, HL-60-C15 (36) (American Type Culture 
Ck)Uectioa (ATCC), Rockville, MD; ATCC CRL 1964, a pit of Dr. Steven 
Fischkoff), was maintained in RPMI 1640 supplemented with 10% fetal 
bovine serum (Hydone, Logan. UT), 2 niM L-glutamine (Life Technolo- 
gies, Inc.) and passaged twice weekly (37). HL-60-C15 cells (2 x lOVml) 
were induced with 0.5 mM buiyric acid (Sigma) for 48 h as previously 
described (36). For mRNA stability Btudies, actinomycin D (Pharmacia, 
Uppsala, Sweden) in ethanol was added to a final concentration of 10 
]ig/mi for the indicated times to uninduced HL-6D-C15 cells and to 
HL-60-C15 cells previously induced for 48 h with 0.5 mw butyrate. 
Other myeloid and non-myeloid cell lines utilized in these studies in- 
cluding the promyelocytic HL-60 line (ATCC CCL 240), monocytic U937 
line (ATCC, CRL 1593), BJA/B B lymphocytic cells (38), Jurkat T lym- 
phocytic cells, and the cervical carcinoma line, Heija (ATCC CCL 2) 
were maintained by passage twice weekly in Iscove's modified Dulbec- 
co*8 medium (HL-60, U937, BJA/B, and Jurkat) or Dulbecco's modified 
Eagle's medium (HeLa) supplemented with 10% fetal bovine serum and 
2 mM L-glutamine. 

Northern Blot AnalyBU—Tbtai RNA was prepared from uninduced 
and butyrate-induced HL-60-C15 cells by the guanidium isothiocyanate 
method (39). The BNA (15-20 jig/lane) was denatured in formamide- 
formaldehyde followed by electrophoresis in 1% agarose-formaldehyde 
gels. The RNA was then transferred to Hybond-N nylon membranes 
(Ameraham Corp.) and the biota probed sequentially with exon 11 of 
EPO genomic DNA (the exon with the least similarity to myeloperoxi- 
dase) and a 28 S RNA oligonucleotide probe (5'-AACGATCACiAG- 
TAGT(3G-3' ) for internal control of RNA loading. Hybridization with the 
random-primed DNA probe for EPO was performed at 43 ''C in 50% 
formamide, 6 x SBC, 0.2% Ficoll polyvinylpyrrolidoDe, and 0.1% sodium 
dodecyl sulfate (SDS). Filters were washed twice in 2 x SSC with 0.2% 
SDS at 53 "C for 30 min and twice in 0.2% SSC with 0.2% SDS at 65 "^C 
for 30 min. Autoradiography was performed at -80*0 with Kodak 
XAR-5 film. The filter was then stripped and rehybridized overnight to 
a 5' end-labeled 28 S RNA oligonucleotide probe in 6 x SSPE, 0.1% SDS, 
5 X Denhardt's solution, and 80 jig/ml of denatured sheared salmon 
sperm DNA at 44 ''C, washed in 6 x SSPE and 0.1% SDS twice at 20 *C, 
and washed once at 44 "C for 15 min. Autoradiograms of Northern blots 
and run-on assays (see below) were quantitated by scanning on a Scan- 
Jet Plus Scanner (Hewlett-Packard) followed by densitometry analysis 
using ImageQuant™ Software (Molecular Djmamics). 

Nuclear Run-on Transcription Assay — ^Nuclear run-on assays were 
performed as previously described (40). The following DNAs were used 
to prepare slot-blots: a 0.6-kb PstUBamHl fragment containing hEPO 
exon 11 DNA in pBR322 (20), a 1.9-kb EcdBIfSall fragment containing 



' Y. Yamaguchi, E. A. Albee, H. N. Steinberg, S. Nagata. L.L Zon, D. 
G. Tenen, and S. J. Ackerman, manuscript in preparation. 



the human 18 S RNA cDNA in pBR322 (kindly provided by Dr. Howard 
Young), and pBR322 vector alone. Autoradiograms were exposed at 
-80 with an intensifying screen. 

Plasmids for Transient nansfections^-The promoterless luciferaae 
plasmid pXP2 was used for all promoter studies (41). A cytomegalovi- 
rus-human growth hormone (CMV-hGH) plasmid, for use as an internal 
control in transfections, was provided by Dr. Leonard Zon (Children's 
Hospital Medical Center, Boston, MA). A 1.6-kb JBcoRI/JBamHI human 
EPO genomic fragment was filled in with Klenow enzyme and sub- 
cloned into the Smal site of the pXP2 promoterless ludferase plasmid. 
The resulting construct contained approximately 1.5 kb of 5'-flanking 
DNA and extended 3' to +61 bp, where +1 denotes the previously iden- 
tified transcriptional start site (20). Unidirectional deletions of the 1.5- 
kh/EPO-luciferase construct were prepared using Exonuclease III as 
previously described (42). Dideoxy sequencing using Sequenase (United 
States Biochemical Corp., Cleveland OH) was performed to identify the 
positions of the Exonuclease ID end points (43). 

Linker Scanning Analysis— A 10-bp Unker containing an EcoHl re- 
striction site (sequence S'-CGGAATTCCG-S') was substituted for the 
wild type sequence of the -122-bp EPO promoter deletion construct 
between bp -122 and -113 (-122/-113), bp -112 and -103 (-112/-103), 
bp -102 and -93 (-102/-93), bp -92 and -83 (-92/-83), bp -82 and -73 
(-82/-73), bp -72 and -63 (-72/'-63), bp -62 and -53 (-62/-53), and bp 
.-52 and -43 (-52/-43) using oligonudeotide directed PGR mutagenesis 
(44). The PCR firagments were cloned into the luciferaae vector pXP2 
and resulting constructs sequenced as above to confirm the correct 
placement of the linker oligonudeotide. 

Tyansient Dransfections — DNA was prepared and transfected as pre- 
viously described using 1.5 x 10' cells/transfection (37, 45) with minor 
modifications. Briefly, the HL-60-C15 subline and parental HL-60 cell 
lines were electroporated at 280 volts, 960 ^F. and the U937, BJA/B, 
and Jurkat lines at 300, 280, and 250 volts, 960 pF, respectively, con- 
ditions previously optimized for these lines (37, 45—47). Ludferase ac- 
tivity in cell lysates prepared 4—6 h post-transfection was measured as 
relative light units (RLU) using a monoh^t 2010 Analytical Lumines- 
cence Laboratory luminometer (San Diego, CA) as previously described 
(37, 45); cell extracts were prepared in 500 pi of 1% Triton X-100, 25 nui 
Gly-gly, 15 mw MgSO^, 4 mw EGTA,- 1 mM dithiothreitol, and 100 pi of 
the extract (equivalent to -3 x 10» cells) was analyzed im ludferase 
activity. Each transfection contained DNA equivalent to 20 pg of the 
EPO-pXP2 construct and 0.5 pg of the (?MV-hGH internal plasmid 
control. In some experiments, 25 pg of carrier DNA (pBluescriptll KS") 
was included, and sample DNA was reduced to 10 pg. The CMV-hGH 
co-transfection provided for standardization among the different my- 
eloid and non-myeloid lines, different plasmid DNA preparations, and 
individual transfection experiments (47) and the carrier DNA decreased 
variability due to differences in the DNA preparations for the individual 
EPO promoter-pXP2 constructs (48). Growth hormone production was 
measured by assaying the culture supematants of transfected cells with 
a commerdally available radioimmunoassay kit (Nichols Institute Di- 
agnostics, San Juan Capistrano, OA). The RLU from individual trans- 
fections were normalized for transfection efficiency based on the num- 
ber of nanograms of growth hormone produced and are indicated as 
either RLU/ng/ml hGH or corrected KLU. An enhancer-containing vec- 
tor, CMV-pXP2, was used as a positive control for each transfection as 
well. Individual transfection experiments were repeated at least three 
times, and the results are reported as mean relative light units/ 
nanogram human growth hormone/railliliter (± S.E-). 

Nuclear Extracts and DNase I Footprinting — Nuclear extracts for 
DNase I footprinting were prepared from 1 x 10® HL-60-C15, HL-60, 
and HeLa cells using the procedure described by Zhang et al. (49), The 
extraction buffer contained 2 pg/ml each of the protease inhibitors apro- 
tinin, pepstatin A, trypsin inhibitor, leupeptin, and antipain. Approxi> 
mately 15 mg of total nuclear protein were obtained from each cell line. 
The probe for DNase I footprinting, a ~350-bp DNA fragment extending 
from -289 to +61bp of the EPO promoter, was prepared by digesting the 
pXP2-EPO(M3) deletion mutant with Htndlll and Xhol to release the 
promoter fragment and end-labeled with ['^IdTTP and P=l»]dATP (49). 
DNase I footprinting was performed as previously described (49). 
Briefly, nudear proteins (60 or 120 pg each) extracted firom HL-60-C15, 
HL-60, or HeLa cells were incubated with 4 pg of double-stranded 
poly(dI-dC) and the gel-purified radiolabeled EPO probe in a total of 20 
pi binding buffer (10 nm HEPES, pH 7,9, 30 mM KCl, 5 mM MgCL,, 1 mw 
dithiothreitol, 1 mw EDTA, 0.4 mM phenylmethylsulfonyl fluoride, 12% 
glycerol); binding reactions were allowed to proceed for 60 min on ice 
prior to the addition of DNase I. 

Sequence Analysis — Putative regfulatory elements (consensus se- 
quences) within the functionally active regions of the EPO promoter 
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Fig. 1. Northern blot analysis for mRNA encoding EPO in HL- 
60.G15 ceUs induced with butyrate. HL-60-C15 cells were cultured 
in the presence of butyrate (0.5 mM) for 24 h. Total RNA was obtained at 
0, 0.5, 1, 3, 6, 12, and 24 h of culture. Each lane contained 15 >ig of total 
ENA. The blot was sequentially probed with the EPO cDNAanda 28 S 
ENA-specifie oligonucleotide probe as a control for equivalent RNA 
loading. 

and in the S'-flahking regions of the MBP, ECP, EDN, and myeloper- 
oxidase genes were identified by searching the Ghosh transcription 
■fectors data base (50). 

RESULTS 

Expression of EPO mRNA Is Transcriptionally Up-regulated 
during Butyrate Induction of HL-60-C 15 Cells— It has previ- 
ously been shown that butyric acid treatment induces granu- 
logenesis in HLr:60-C15 cells (36. 51), markedly up-regulates 
the expression of mRNAs encoding the major eosinophil gran- 
ide-associated proteins, including CLC, ECP, EDN, EPO, and 
MBP by 1-3 days- (37, 51), and stops continued proliferation of 
the line after 5-7 days of culture:^ In order to determine the 
effect of shorter term exposures of butyrate on EPO mRNA 
expreMion,.Northern blot ansdysis^ w on total RNA 

isolated from HLr;60-C15 cells cuitured with butyrate for up to 
24 h. As shown in Fig. 1, butyrate induction of H1>60tC15. 
up-regulated the expression of EPO mRNA with a 3.7-fold in- 
crease in mRNA accumulation by 24 lb determine whether 
the increased accumulation of EPO mRNA was mediated at the 
transcriptional and/or post-transcriptional level, message sta- 
bility was analyzed in ejqjeriments in which actinomycin D, an 
RNA synthesis inhibitor, was added for 0-24 h to both unin- 
duced HL-60-C15 cells and to cells previously induced with 
butyrate for 48 h CFig. 2). As shown in Fig. 2, the half-life of the 
EPO mRNA in bptji the uninduced and butyrate induced HL- 
60-C15 cells treated with actinomycin D was 2.5 h, suggesting 
that the accimauJation of EPO mRNA in butyrate-induced HL- 
60-C15 cells was mediated at the transcriptional level and not 
due to increased message stability. Tb further confirm this re- 
sult, nuclear run-on assays were performed using HL-60-C15 
cells, both uninduced and induced for 48 h with butyrate; 
Northern blot analysis for EPO mRNA expression was per- 
formed on total RNA prepared from the same ceils. As shovoi in 
Pig. 3^, scanning densitometry indicated that butyrate induced 
a 2-fold increase m the EPO transcriptional rate over that of 
the uninduced cells and scanning densitometry of Northern 
blots for EPO mRNA likewise demonstrated a comparable 
2-fold increase in the same butyrate-induced HLr60-C15 cells 
(Fig. 3B). These data suggest that expression of the EPO gene 
is transcriptionally up-regulated during butyrate induction of 
the HL^60-C15 subhne. 

Deletion Analysis of the EPO Promoter Demonstrates the 
Presence of Negative and Positive Regulatory Elements— In or- 
der to locate the cis-acting elements) required for EPO pro- 

^ Y. Yamaguchi, ID. G, Itenen, and S, J. Ackerman, unpublished obser- 
vations. 
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Fig. 2. Half-life of EPO mRNA in HL-60-C 15 cells. Northern blot 
of total RNA (15 pg/lane) of I1L-60-C15 cells exposed for 0-24 h to 
actinomycin :D (10 p^ml). Lanes ISy uninduced HL-60-C 15 cells; lanes 
7-22, HL-60-C15 cells induced with 0.5 mM butyric acid for 48 h prior to 
the addition of actinomycin D. Lanes 1 and7» no addition of actinomycin 
D; lanes and treatment with actinomycin D for 1, 2, 4, 8, and 
24 h, respectively. 

moter activity, we analyzed luciferase activity in HL-60-iC15 
cells transiently transfected with various EPO promoter con- 
structs subclonedinto the promoterless pXP2 luciferase expres- 
sion vector An EPO genomic fragment contaiiung 1.5 kb of 
sequence upstream of the transcriptional start site (20) was 
subcloned into the promoterless pXP2 luciferase vector as out- 
lined in Fig. 4. When tiransieiiitly transfected into ixriinduced 
HL.60-C15 cells, the -1.5-kb/EPG4uc promoter construct re- 
producibly expressed >120-f61d more luciferase activity than 
did the promoterless pXP2 control, lb localize regulatory ele- 
ments in the EPO promoter, a series of seven deletion mutants 
(Ml, M2, M2.3, and M3-M6) in the -1.5-kb/EP04uc construct 
were produced using convenient restriction sites and exonucle- 
ase m. In butyrate-induced HL-60-C15 cells, promoter activity 
of these constructs was cotisistently 2-3rfold greater than in 
the uninduced cells (Fig.-SA). This. finding was consistent with 
the 2-fold increase in:steady state mRNA levels from Northern 
blot analysis and the 2-fold increase in the transcriptional rate 
in nuclear run-on transcription assays. In iminduced cells, no 
significant alterations in promoter activity were observed when 
sequences between -1.5 kb and -289 bp were deleted (Fig. 5A), 
although deletion of the region between -289 and -122 bp 
resulted in a 2rfold increase in activity and a loss of the butyr- 
ate inducibility of the promoter. Further deletions to -65 and 
-45 bp produced more than a 4r and 12-fpld (90%) decrease in 
luciferase activity, respectively, when compared with the 
-122-bp construct (Fig. 5B). 

Lineage and Myeloid Specificity of the EPO Promoter—'The 
specificity of the EPO promoter for the eosinophil lineage was 
assessed by transfecting the wild type and various deletion 
constructs into both HL-60-C15 cells and the HL-SO parental 
cell line (Fig. 6). The activity of the EPO promoter was approxi- 
mately 8.5-fold lower in the parental HL-60 line than in the 
eosinophil-committed HL^60-C15 subline (Fig. 6). Further, the 
EP0-pXP2 promoter constructs were likewise considerably less 
active in HL-60 cells induced toward neutrophihc differentia- 
tion with MegSO (Fig. 6). However, in other myeloid (U937 
myelomonocytic cells) and non-myeloid leukemic lines (BJA/B 
B lymphocytic cells, Jurkat T lymphocytic cells), the activity of 
the EPO promoter and the mutant constructs was comparable 
to or grea;ter .than that obtained in the eosinophilic HL-60-C15 
line (data not shown). 
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EiG 3. Nuclear run-on and Northcm^analysis of HLr«0-GI5 ceOs induced with butyrate. Panel A, nuclear run-on transcription analysis 
was performed with nuclei isolated from uninduced and 48 h butyrate-induced HLr60-C15 cells. Equal nunibers of counts were ^y^<^i^ed to 
duplicated filters containing a molar excess of the indicated probes. Panel B, Northern blot analysis of RNA from an aliquot of the same HL-60-C15 
ceUs used for the nuclear run-on assay. Lane i, 15 pg of total RNA from uninduced HL-60-C15 cells. Lane 2, 15 jig of total RNA from ffl^0-C16 
cells induced with butyrate for 48 h. The blot was probed sequentially with = an EPO (exon 11) probe» followed by a cDNA probe for 18 S RNA as 
a contrd-for equivalent RNA loading. 
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Fig. 4. Structure of the human EPO genomic jftragment subdoned into the promoterless p3CP2 luciferase vector. A 1.5^kb EcoRV 
BamHI fragment of the S Vflanking region of the humsm EPO gene (20), including the txanscriptional start site and 61 bp of the S'^untranslated 
region, was subdoned into the Smdl site of the promoterless pXP2 ludferase plasmid. 



Negative and Positive Regulatory Elements Map within the 
-1121-93 and -62 /^43 Regions of the EPO Prompter— Do more 
precisely locate the functional sequences reqxiired for EPO pro- 
moter activity in the region between the transcriptional start 
site and -122 bp, eight linker-scanning mutants were con- 
structed by inserting a 10-bp oligonucleotide consecutively ev- 
ery 10 bp in place of the wild type promoter sequence (Fig. 7A); 
this resulted in a 6CV-100% change in the wild type sequence in 
each 10 bp region as indicated in Fig. 7B, A S-ifold increase in 
EPO promoter activity relative to either the wild type or the M4 
deletion mutant was seen when the sequence between bp -112/ 
-103 was replaced by the linker, whereas a 2-fold decrease was 
obtained for the -102/-83 bp replacement and a 3-fold decrease 
in activity resulted when sequences between bp -^62 and -53 or 
bp -52 and -43 were replaced (Fig. 7A). 



DNase 1 Footprinting identifies Protected Regions of the EPO 
Promoter Corresponding to the Functionally Active Elements 
Identifiedby Linker-scanning Analysis--i:^deXj&rmm^^ 
any nuclear proteins bind to the cis-acting elements in.the EPO 
promoter regions identified in the above functional analysis, 
BNase I footprinting was performed using a 350^bp upstream 
fragment including the transcriptional start site (-289 to 
.+61bi>) and nuclear protein extracts prepared from the unin- 
duced HLr60-C15 line, the parental HL-60 line and HeLa cells 
(Fig. 8). Three protected regions (/-///) were identified corre- 
sponding to the sequences from -71/-42 (region I), -^111/^88 
(region H), and -155/- 130 (region HI). Footprinted regions I 
and II correspond to the functional sequences of the promoter 
identified in the linker-scanning analysis as containing both 
positively (-71/-42, -102/-93) and negatively (-112/-i03) act- 
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Fig 5 Functional activity of the EPO-pXP2 ludferase constructs in HL-G0-C15 cells. Panel A, schematic representations of the 
EP0-i»xiP2 ludferase constructs are shown on the Uft. Twenty jig of each pXP2-EPO construct were transfected by electroporation mto both 
uninduced and butvrate-induced HM0-C15 cells. One-fifth of the transfected cells was assayed for ludferase activity after culture for 4.5 h. RLU 
have been corrected based upon the amount (ng/ml) of human growth hormone released into the culture supematants for f^ch mchwdual 
transfection Ludferase activities in each construct are shown as the percent activity, relative to the mean activity of the longest, wild ty^ 

(WT) EP0-PXP2 promoter construct The mean ± S.E. for three repUcate experiments is shown. Panel B, promoter activities of additionalS 
deletion mutate of tiie EP0-pXP2 construct in uninduced HL-60-C15 ceUs. Twenty-iive pg of pBlueacripOI Iffi- was transft^d ^ 
with 10 ujr of each EPO-pXP2 construct into HL-60>C15 ceUs. Ludferase activities have been norraahzed for the amount of hGH produced try VM 
co-trans^d control CMV-hGH plasmid. Corrected BLU for each construct are shown as the percent activity relative to flie mean actovily of the 
longest 1.5-kb EPO promoter construct. The mean ± S.E. for three replicate experiments is shown. 



ing elements, respectively. Region III corresponds to a potential 
negative-acting element as defined by the activity of deletion 
mutants M3 versus M4 (Fig. 5A), a region that may participate 
in the butyrate indudbiliiy of EPO promoter activity (M3 ver- 
sus M4, Fig. 5A). 

Functional Cis-elements and Potential lyans-acting Factors 
for EPO Gene Regulation— M shown in Pig. 9, the 306 bp of 
published DNA sequence (20) upstream from the transcrip- 
tional start site were evaluated for potential regulatory se- 
quences by comparison to the Ghosh transcription factors da- 
tabase (50). Consensus sequences were identified in the 
upstream 306 bp that represent potential binding sites for a 
number of known transcription factors (Fig. 9A) and that cor- 
respond to the functionally active regions of the promoter as 



defined by both DNase I footprinting and linker-scanning 
analyses (Fig. 9B). Region I, defined by DNase I footprinting 
(Fig. 8) and functionally active elements (Fig. 7), contains po- 
tential binding sites for four different factors including PuF 
(52, 53), Egr-1 (54, 55), H4TF-1 (54-57), and CTCF (58). Region 
n, which covers both positively and negatively acting elements, 
contains a potential binding site for the UBP-l factor (69, 60). 
Region III, which covers sequences that may contain a weak 
negatively acting element, contains a second consensus se- 
quence for PuF and as well as a potential GaEII site (61). 
Finally, there is a putative Spl-binding site (62, 63) at -75 to 
-83 (Fig, 9A), albeit in a region of the promoter that showed no 
functionally important sequences in tiie linker scanning anal- 
ysis (Fig. 7A, mutant M4-5) and did not show a footprint using 
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Fig 6 Comparative promoter activity of the EPO.pXP2 luciferasc constructa in HL.60-C15. HL-60. and Me^O-induced ^elU. 
Ofen UB of each EP0.pXP2 luciferafle construct was transiently transfected and expressed in uninduced HL-60-C15 cells and in the parental HL-60 
line vdth or without prior treatment for 40 h with Me^SO (1.1% v/v) to induced neutrophilic differentiation. Luciferase activities have been 
normalized for growth hormone production from the CMV-hGH co-transfected control plasmid. 



nudear extracts from HL-60 and HeLa previously shown to 
identify an Spl site in the CD14 (64) and CDllb promoters 
(65). 

DISCUSSION 

In this paper, we report the identification and functional 
characterization of the promoter for the human eosinophil per- 
oxidase gene, a gene expressed exclusively in the differentia- 
tion of myeloid progenitors to the eosinophil lineage. In con- 
trast to the gene for myeloperoxidase (33), which has relatively 
weak promoter activity in vitro and requires the use of a het- 
erologous promoter for functional analysis (66, 67), the EPO 
gene has a strong promoter whose principal regulatory ele- 
ments are located within the first —100 base pairs upstream of 
the transcriptional start site. Study of this eosinophil promoter 
should provide an opportixnity to assess the lineage and differ- 
entiation specific cis-acting elements and trans-acting factors 
involved in the expression of eosinophil-spedfic genes during 
the program of eosinophil development. 

Activity of the EPO promoter was analyzed in the eosinophil- 
inducible HL-60-C15 cell line which can undergo either spon- 
taneous or alkaline pH and/or butyric acid induced differentia- 
tion into highly granulated cells in culture (35, 36, 68, 69). 
Approximately 5-20% of uninduced HLr60-C15 cells are granu- 
lated during routine passage and as such they constitutively 
express EPO (35) as well as the genes encoding all the other 
eosinophil granule-associated proteins.^ Culture of HL-60-C15 
with butyric acid rapidly up-regulates the expression within 24 
h of the genes encoding ECP, EDN^ (51), MBP,^ and CLC pro- 
tein (37). In the present analyses, butyrate induction of eosin- 
ophilic differentiation of HL-60-C15 produced a 2-fold increase 
in the EPO transcriptional rate, a finding that was consistent 
with a 2-fold increase in mRNA levels and that could not be 
accotmted for by an increase in message stability in this line. 
Likewise, butyrate induction induced a 2-3-fold increase in the 
fimctional activity of the EP0-pXP2 promoter constructs. The 
lack of a more marked increase in the EPO transcription rate in 
HL-60-C15 cells induced with butyrate likely reflects the find- 
ing that this subline is already partially differentiated such 
that the EPO gene is already being transcribed. In comparison, 
the gene for myeloperoxidase is constitutively expressed in 



HLr60 cells and both transcription and steady state mRNA 
levels decrease upon induction toward neutrophihc differentia- 
tion with either MejSO (70, 71) or retinoic acid (33, 46, 72). 

Transient transfections with the EPO promoter deletion con- 
structs suggested a butyrate-responsive element located within 
the 1.5 kb of sequence upstream of the EPO transcriptional 
start site (Fig. 5A), Riggs et al. (73) have shown that the addi- 
tion of butyrate leads to hyperacetylation of histone H4 in 
HeLa and Friend erythroleukemia cells. More recently, Klehr 
and colleagues (74) have reported that butyrate appears to 
exert its action at the level of chromatin structure acting syn- 
ergistically with so-called scaffold-attached regions. Treatment 
of HL-60-C15 cells with butyrate may also induce hyperacety- 
lation of nucleosomal histone and alter chromatin conformation 
to increase the transcriptional rate of EPO or other eosinophil 
genes. Alternatively, the general butyrate inducibihty of gene 
expression in the HL-60'C15 Une may be independent of or 
unrelated to the specific transcriptional events that are impor* 
tant for the differentiation of this leukemic cell line to the 
eosinophil lineage. 

The expression of two other eosinophil granule protein genes, 
including CLC (37) and MBP,^ was also transcriptionally up- 
regulated during butyrate-induced eosinophil differentiation of 
the HL-60-C15 subline. Our results are consistent with those of 
Gruart and colleagues (34) who have suggested, based only 
niElNA stability experiments, that expression of the genes en- 
coding all the eosinophil granule cationic proteins (EPO, MBP, 
EDN, and ECP) is regulated primarily at the transcriptional 
level during eosinophil differentiation of umbilical cord blood- 
derived progenitors. Of interest, the half-life of EPO mRNA was 
reported to be more thEui 12 h in umbilical cord blood mono- 
nuclear cells induced toward eosinophil differentiation with a 
combination of IL-3, GM-CSF, and IL-5 (34). In contrast, the 
half-life of EPO mRNA in the present analyses was only 2.5 h 
in both uninduced or butyrate-induced HL-60-C16 cells. One 
potential explanation for this marked difference in mRNA half- 
life may be the more rapid cell cycle of the HL-60-C15 leukemic 
cell line. Alternatively, induction with cytokines such as IL-3, 
GM-CSF, or ILr5 may serve to stabilize the EPO mRNA in the 
developing cord blood-derived eosinophil progenitors. 
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Fig. 7. Lmker-scannmg analysis of 
the minimum 122-bp EPO promoter 
in uninduced HLr-60-C16 cells. Panel 
A, comparative promoter activity for tran- 
sient transfections of HLr60-Cl5 cells 
with the wild type, M4 mutant, and eight 
linker scanning mutants of the EPO pro- 
moter in the pXP2-luciferase vector The 
schematic on the left shows wild type se- 
quences as lines or diagonally striped rec' 
tangular boxes, and the 10-bp sequences 
replaced by the linker oligonucleotide by 
the square (open) boxes. Three independ- 
ent transfection experiments were per- 
formed; the average activities (±S.E.) 
relative to the activity of the M4 mutant 
(100%) are shown. liuciferase activity, 
measured as RLU, was first normalized 
for transfection efficiency (corrected RLU) 
as described under "Experimental Proce- 
dures" prior to calculating the averages 
and percentage activity relative to the M4 
deletion mutant of the EPO promoter. For 
reference, the mean activities (±S.£.) of 
the wild type -1.5 kh/luc and M4 (-122 
bp/luc) mutant constructs were 8,212 ± 
2,958 and 7,448 ± 1,803 RLU/ngM hGH, 
respectively, and that of the promoterless 
pXP2 control was 62 ± 18 RLU/ng/ml 
hGH. Panel B, the wild type and sequence 
replacements for the individual linker- 
scanning mutations in panel A are shown. 
The percent change from the wild type 
sequence is indicated on the right. 
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As summarized in Fig. 9A, sequences between bp -122 and 
-45 of the EPO promoter contained essentiaUy all the neces- 
saxy sequence elements required for maximal functional activ- 
ity in HL-60-C15 cells as well as other myeloid and non-myeloid 
lines. The observation that the EPO promoter constructs were 
likewise active in the myelomonocytic U937 line and in T and B 
lymphocytic lines (Jurkat and BJA/B, respectively) suggests a 
lack of myeloid- or eosinophil-specific elements in the 1.5 kb of 
upstream sequence analyzed thus far. However, it is entirely 
possible that tissue-specific negative or positive regulatory el- 
ements are located further upstream or downstream in the 
EPO gene. For example, Bum and colleagues (47) have identi- 
fied a 3' enhancer in the gene for the human CD34 stem cell 
antigen that increases promoter activity in a cell type-specific 
manner. Alternatively, the EPO gene may be similar to that of 
myeloperoxidase, which has recently been shown to have en- 
hancers with estrogen and retinoic acid-like response elements 
within introns 7 and 9 and which are functional in myeloper- 
oxidase expressing HL-60 and SKM-1 cells lines (67). Of note, 
all EPO promoter constructs, including those with sequences 
up to 1.5 kb upstream of the transcriptional start site, were 
S-lO-fold less active in the parental HL-60 line than in the 
eosinophilic HL-60-C15 subline (Fig. 6), suggesting some line- 



age specificity when analyzed within this promyelocjrtic leuke- 
mia line. The EPO promoter constructs were likewise signifi- 
cantly less active in the parental HL-60 line induced toward 
neutrophilic differentiation with McgSO. Taken together, these 
observations suggest that there may be silencer elements 
which normally suppress promoter activity of the sequence be- 
tween bp -122 and -45 in other myeloid or non-myeloid lin- 
eages, elements not present within the 1.5 kb of upstream 
sequence analyzed thus far. Silencer elements that act to sup- 
press enhancer function in a Hneage-specific manner have been 
described for the T cell receptor a enhancer in afi versus yS T 
cells (75). 

Functional analyses of linker-scanning mutants in the bp 
-122 to -45 region of the EPO promoter have identified a num- 
ber of positively and negatively acting elements that could be 
important in regulating the expression of the EPO gene in 
particular and eosinophil granule protein genes in general. The 
basal EPO promoter may be controlled by both negatively and 
positively acting cis-elementa in bp -112 to -103 and bp -62 to 
-43 segments of the gene, respectively. DNase I footprinting of 
the EPO promoter identified three protected regions upstream 
of the TATA box corresponding to the functionally active ele- 
ments that were defined by the linker-scanning analysis. These 
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Fig. 8 DNase I protection of the EPO promoter by nuclear 
proteins from HL-60, and HeLa cell lines- A end- 

labeled 350-base pair fragment of the EPO promoter extending from 
-289 to +61bp was incubated with 0, 60, or 120 pg of nuclear proteins 
prepared firom HL-60-C15. parental HL-60, or HeLa cells as indicated 
at the top of lanes 2S. Lam 1 fG/A) is a sequencing marker consisting 
of the f)NA probe subjected to guanosine/adenine-specific Maxam-GiJ- 
bert cleavage (80) used to identify the number of nucleotides upstream 
of the transcription initiation site (numhars at the left s«£e of the panel). 
The footprinted regions of sequence protected from DNase:! digestion 
are bracketed and the Roman numerals U-IIJ) refer to the entire pro- 
tected region. 

coincident regions contain potential binding sites (Le. consen- 
sus sequences) for a number of known transcription factors 
including Egr-1, II4TF-1, PuF, CTCF, UBP-1, and GaEII (Fig. 
9). Egr-1, also know as Zif268, NGF-IA, and Krox24 (55), is a 
zinc finger-containing transcription factor that binds to a CTC- 
CCCCAC consensus sequence. Egr-1 is an immediate early re- 
sponse gene that is induced by various growth factors, phorbol 
esters such as 12-0-tetradecanoylphorbol-13-acetate, .and reti- 
noic acid, and is apparently essential for monoc3rtic differentia- 
tion in HL-60 cells (54). H4TF-1 is a 1 05- 110-kDa transcrip- 
tional activator that binds to a GGGGGAGGG consensus 
sequence in the human hi stone H4 gene (56, 57), is histone H4 



specific, and is different from Spl. UBP-1 is a 61-63-kDa pro- 
tein that binds to the HIV tar element and TATA box, plays a 
role in tat-induced activation of the HIV-LTR, and recognizes a 
CTCTCTGG consensus site (59, 60). The CTCF factor is a 130- 
kDa protein that binds to a CCCTC motif with three repeats 
every 12-13 bp in the chicken c-wyc promoter and likely func- 
tions as a negative regulator of cell growth and differentiation 
(58); however, only one such motif is present in the EPO pro- 
moter sequence. The EPO promoter also contains two putative 
PuF sites in functionally active/footprinted regions. PuF (also 
known as nm23-H2) is a 17-kDa human c-myc transciptional 
activator originally isolated from HeLa cells that binds to a 
GGGTGGG consensus sequence (52). PuF is a nucleoside 
diphosphate kinase and a putative negative regulator of tumor 
metastasis (53). Finally, the EPO promoter contains a consen- 
sus site for GaEII (GGGGGGTT), a factor shown to interact 
with this Ge motif in the adenovirus-2 Ell-late promoter (61). 
Whether any of these factors play a role in EPO gene expres- 
sion or regulation remains to be determined. We are currently 
investigating which if any of these factors are expressed in 
HL-60-C15 cells or during normal eosinophil differentiation, 
and/or bind to the functional elements thus far defined in the 
EPO promoter. 

We recently described the expression of the family of GATA- 
binding proteins, including GATA-1, GATA-2, and GATA-3, in 
peripheral blood eosinophils obtained from patients with 
marked eosinophilia due to the hypereosinophiiic syndrome, 
and in eosinophil-inducible HL-60 cell lines including the .HL- 
60^C15 line used in the present studies (51). GATA-binding 
proteins had previously been shown to be important regulators 
of hematopoietic-specific transcription in the erythroid, 
raegakaryotcyte, mast cell, and T cell Hneages (76). However, 
the specific functional role of the GATA-binding proteins in the 
eosinophil lineage remains unknown. The eosinophilrinducible 
HI1-6O-CI5 cell line was shown to constitutively express mRNA 
for allthree GATA-binding proteins with expression of GATA-1 
and GATA-3, but not GATA-2, strongly up-regulated by butyr- 
ate induction (51). In this regard, the 5' putative promoter 
regions of three of the eosinophil granule cationic protein genes 
encoding MBP (13), ECP (15),^ EDN (15), and the promoter for 
CLC protein (eosinophil lysophospholipase) (37) contain poten- 
tial target (jATA-rbinding sites,"* whereas the promoter for EPO 
described in the present study does not. However, fanctiorial 
analyses are reqtiired to determine whether any of these po- 
tential GATA-binding sites are active in the eosinophil- or iny- 
eloid-specilic regulation of these genes. 

Hamann and colleagues (15) have performed alignments of 
the 5'-flanking sequences of EPO and MBP with those of EDN/ 
ECP and reported similarity indices of —54 and 51%, respec- 
tively. Similarities around several nucleotide blocks in these 
sequences, including heptamers that resemble an octamer-like 
motif ( ATGCAAAT) found in immunoglobulin promoters and 
the immunoglobuhn heav>^ chain enhancer, were identified 
(16), albeit in regions of the EPO pronioter that appear to have 
no functional activity in the present study. Comparison of the 
promoter sequence of the EPO gene with that of the CLC pro- 
moter (37), or the 5'-flanking regions of MBP (13), ECP (15),* 
and EDN (15) show limited sequence similarity within the 
functionally active cis-elements and footprinted regions of the 
EPO promoter. A consensus site for CTCF (58) was also notedin 
the functional region of the CLC promoter (bp -159 to -163) 
(37), as well as in the 5'-flanking regions of MBP (13) and EDN 
(15), but is absent in the highly similar ECP upstream se- 
quence (15).^ One additional sequence (CCCCACCC), present 
at bp -43 to -50 of the EPO promoter overlapping the putative 



■* S. J. Ackerman and D. G. Tencn, unpublished observations. 
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CACCGC -300 



Fig. 9. Functional cis-elements and 
potential trana-acting fectors regu- 
lating the EPO promoter. Panel A, the 
EPO promoter sequence (20) on the cod- 
ing strand is shown from -306 bp through 
+137; bp +1 to +119 represents the 5'- 
untranalated region of the EPO mRNA 
and bp +120 to +137 (lower case letters) 
encodes the first 6 amino acids (21) 
(shown in three-letter code below the DNA 
sequence). The arrow (at +61) indicates 
the first bp of the 5 '-untranslated region 
included in the EP0-pXP2 luciferase con- 
structs analyzed in Figs. 5-8. The puta- 
tive TATA box TFUD-binding site is 
boxed. Consensus sequences for potential. 
DNA-binding proteins are bmced and 
shaded and include the PuF, Egr-1, 
H4TF-1, CTCF, UBP-1, and GaEU tran- 
scription factors (52-61). Pone/ B, com- 
parison of the DNase I protected and 
iunctionally active regions of the EPO 
promoter. Rectangular boxes indicate the 
negatively (6Zadfe) and positively {shaded) 
acting sequence elements which corre- 
spond to the DNase I-protected regions 
{brackets) and consensus sequences 
( panel A ) for putative trans-acting factors 
for this promoter. 
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PuF and Egr-1 sites (Fig. 9), has been identified within the 
functional CLC promoter (bp -179 to -186) (37), as well as in 
other myeloid-spedfic genes including myeloperoxidase (33), 
cathepsin G (77). and neutrophil elastase (78). Finally, the mu- 
rine myelopenwddase promoter was recently characterized and 
shown to contain several functional elements, one of which 
binds a cell type restricted transcription factor MyNFl (66); 
MyNFl was recently identified as PEBP2aB and is the murine 
homolog of AMLl (79). Examination of the fimctional elements 
we have identified in the EPO promoter did not reveal any 
consensus sites for the MyNFl transcription factor. In addition, 
alignment of the EPO 5' upstream sequence with that of hu- 
man myeloperoxidase did not show any significant regions of 
similarity within the functional cis-elements defined in the 
present analyses. 

Study of the EPO promoter and nuclear factors regulating its 
expression should elucidate unique transcriptional features of 
eosinophil gene regulation in particular and myeloid gene ex- 
pression in general in the differentiation of the various granu- 
locjrte lineages. 
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